1Abstract: Oak is a European tree species highly sensitive to drought. If declining symptoms appear 2they are often detectable at the crown (such as dieback) enabling monitoring using aerial images 3and remote sensing methods. Here, we analyzed the impact of short and long-term drought on 4oaks located in central Poland, between the years of 2014 and 2017. We used leaf nitrogen (N) and 5phosphorus (P) concentrations measured in the laboratory, aerial images collected in the range of 6460-880 nm and machine learning techniques to estimate nutrient concentrations on the > 4000 oaks 7growing on gleysoil in the study area. We determined a negative impact on N and P concentrations 8during both types of drought stress (-23% and 19% for N concentration in leaves; -27% and -10% for 9P concentration in leaves) and an inconsiderable impact on N:P values (3% increase of N:P ration 10during short and 7% decrease of N:P ration during long-term drought stress). We found that the 11long-term drought impact was spatially diverse, possibly depending on the presence of drainage 12ditches and competing species. [7][8][9][10][11][12][13][14]. It is expected that within the next 50-100 years, the mean 24 drought duration in Europe will become considerably longer, the drought period frequency and 25 duration variability will increase and extreme climate events will be more common [15]. In Poland, 26 examples of the local drought impact on forest ecosystems are investigated for the Primeval Forest of 27 Białowiez˙a [16], the Niepołomice oak forest [17], the oak stands of the Krotoszyn Plateau [9] and the 28 Silesian Beskid mountain range area [18]. The projected changes in climate may occur much faster 29 than the rate at which species and ecosystems are able to adapt [19], and as a result, present forest 30 ecosystems will be affected by new environmental conditions. This raises the question of whether 31 ecosystems will be able to adjust, or if their health will decay, resulting in deforestation [20] and 32 changes in specie distributions [21]. 33The results of measurements carried out by terrestrial and laboratory methods in the literature 34 unambiguously confirm the occurrence of drought phenomena in Poland during the 2015 growing Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted:
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13Keywords: drought, oak, nitrogen, phosphorus, remote sensing, machine learning 14 1. Introduction 15Forests are the most vulnerable terrestrial ecosystems in terms of a loss of health due to climate 16 change, which is projected to be a dominant stressor on terrestrial ecosystems in the second half 17 of the 21 st century [1] . Increasing temperatures and drought stress have negative impacts on forest 18 diversity, structure, function, health and distribution [2] , as well as services to humanity (i.e. economic 19 value) [3] . Forest growth rates are significantly correlated to climate [4] , and strongly influenced by 20 water availability [5] . 21Oak is one of the European tree species more sensitive to drought, and may show decline 22 symptoms at the crown [6] . Oak forest stands in Europe and America were repeatedly reported as 23 sensitive to drought phenomena [7] [8] [9] [10] [11] [12] [13] [14] . It is expected that within the next 50-100 years, the mean 24 drought duration in Europe will become considerably longer, the drought period frequency and 25 duration variability will increase and extreme climate events will be more common [15] [39] . Three optical (460, 550 and 640 nm) and two 95 near-infrared bands (730 and 820 nm) were used to make measurements during the flights. From the 96 collected data, three 5-color orthophotomaps were prepared using ArcGIS software, with a 0.25 m 97 resolution. 98In the years of 2014-2015, flights over the research areas were carried using the Cessna 152 and 99 Cessna 182 aircrafts, while in 2017, an ultra-light VL3 platform was used. The images were acquired 100 with a block of non-metric cameras designed for remote sensing applications within the spectral range 101 of 400-1000 nm. This had no influence on the quality of the data, as the usefulness and interpretative 102 potential of the studies is no worse than in the case of using typical pre-calibrated cameras [40] . The 103 loading parameters were selected based on the available parameters of the platform, i.e. the geometric 104 and time resolution (particularly important for the channels at 760 and 850 nm). It was decided that 105 the ground sampling distance (GSD) sufficient for remote sensing tests was 0.25 m, with single image 106 dimensions of 1200 x 804 pixels. Due to the high shooting height, the focus was set as infinity. 115 2.4. Machine learning 116Following this, the tree crown segmentations of all 54 oaks with known nitrogen and phosphorus 117 concentrations in the leaves were selected. The average reflectance and reflectance variability was 118 calculated for the five bands. This data was used as the learning set [43] [44] [45] [46] [47] [48] in the linear regression 119 with multiple variables (LRMV) machine learning algorithm [49] [50] [51] [52] [53] [54] . Finally, by applying the gradient 120 descent method with a step precision of δ = 3*10 −7 , the N P leaf concentrations was calculated as:
where ℎ is calculated nutrient concentration in the tree leaves, ⇀ is a vector describing tree reflectance 122 and the standard deviation of the reflectance in the five wavelengths, defined as:
123 , ·is the scalar product and the ⇀ parameter vector minimize the cost function J:
124 where n is the number of the samples in the learning set (54 here) and Vtree is the in-situ nutrient 125 concentration of the tree.
126 2.5. Nitrogen and phosphorus concentration estimation 127N and P concentrations in 2014, 2015 and 2017 were estimated using equation 1 for all tree 128 crowns separated as detailed in section 2.3. All trees were categorized into three categories (nutrient 129 concentration deficiency, sufficient concentration, optimal concentration) using nutrient concentrations 130 values described in the Wawrzoniak report, page 77 [55] : N concentration deficiency below 15 g/kg, 131 sufficient N concentration between 15 and 25 g/kg and optimal N concentration over 25 g/kg; P 132 concentration deficiency below 1.0 g/kg, sufficient P concentration between 1.0 and 3.0 g/kg and 133 optimal P concentration over 3.0 g/kg.
134 3. Results 135The chemical analysis of the soil samples in July 2014 showed an average N content of 0.12 g/kg 136 and P content of 3.14 g/kg. The following year, the concentrations of N and P were calculated as 0.14 137 and 4.3 g/kg soil, respectively. Note that data was not obtained from 2017. 138All of the trees selected for the training set for the deep learning algorithm belong to the north-west 139 part of the stand (see: Figure 2 ), located within the 4 divisions of the Forest Data Bank described in 140 Table 1 . The machine learning training set for the P and N concentrations measured in 2015 and the 141 corresponding remote sensing data are described in Appendix A.
142Two linear models were determined using the machine learning algorithm. 
Discussion
Forest stands constitute approximately 82% of terrestrial biomass and over 50% of terrestrial biodiversity. They fulfill many key functions in mitigating climate changes, provide the circulation of nutrients, carbon sequestration, water and air purification, and wood production. Forecasted changes in climate predict an increase in the frequency and elevated drought duration on a global scale, which may affect the availability of nutrients for tree growth and sustainability, productivity and the function of forest ecosystems [36] .
Drought stress, in general, reduces nutrient availability in the soil, uptake by roots, transport from roots to shoots and partitioning in plants (because of restricted transpiration rates and impaired active transport and membrane permeability) [56] [57] [58] . Water stress reduces plant growth by affecting various physiological and biochemical processes, such as photosynthesis, respiration, translocation, ion uptake, carbohydrates, nutrient metabolism and growth promoters [59,60].
Machine learning model interpretation
Nitrogen deficiency in plants is associated with many negative effects, such as growth inhabitation, and the yellowing of the leaves, as a result of disturbed chlorophyll synthesis. Calculations from the machine learning algorithm model reflect this phenomenon with a positive factor related to the green wavelength (+0.254, 4 th component of ⇀ ). Chlorophyll synthesis reduction also causes a fall in the infrared reflectance (over the "red edge"; the 880 nm optical band in our case). This observation is 213 on nitrogen and phosphorus levels in oak leaves was observed. The reduction in 2015 of nitrogen and 214 phosphorus was -24% and -26%, respectively, compared to 2014 (without drought symptoms), while 215 the soil amounts for both nutrients were sufficient (0.14 N and 4.30 P g/kg of soil in 2015). The uptake 216 of nitrogen and phosphorus was disturbed because drought, decreased the soil water availability 217 for external mycelium of mycorrhizal fungi in roots. The efficiency of nutrient uptake from soil is 218 affected by the mycorrhizal community associated with fine roots of trees [67] . Ectomycorrhizal (ECM) 219 communities play key role in belowground carbon flux and turnover, mycorrhizosphere microbial 220 activity, organic matter, and have a significant effect on the ECM communities of oaks (Quercus petrea, 221 Q. robur) throughout Europe [67] [68] [69] . ECM can improve nutrient acquisition, particularly phosphorus 222 (P) and nitrogen (N) [69, 70] . It is still unclear if fluctuations in nutrition availability directly affect 223 the fungi, or whether changes in community structures are mediated via the host plant. Moreover, 224 it has been concluded that nitrogen deposition can alter plant community composition by changing 225 the community of mycorrhizal fungal symbionts [71] . Many studies have shown that the extent of 226 ectomycorrhizal symbiosis within plant roots can be negatively affected by drought, with the effect of 227 this impact noticed in the tree crowns [67,69,72]. 228Our results indicate a greater effect of drought on N concentrations than in the He & Dijkstra 229 study (< -20%) in all four forest divisions. Under drought conditions, water saturated soil is a reduced 230 chemical environment and may also shift to an oxidized state. During drought, nitrogen can be 231 compromised by micronutrients combining with macronutrients, forming a perfect storm that adds 232 strength to the basic stress effect. The soils of oak stands on the Krotoszyn Plateau belong to the Haplic 233 Gleysoil class, with the predominance of clay and low permeable parent rock, characterized by the 234 highest content of C and N in surface layers (up to 40 cm depth), and groundwater at a depth of about 235 1 m [9,23]. A short but strong drought in 2015 resulted in a reduction of groundwater levels by 2-2.5 m 236 (local consultation) and was a serious stress factor with the ability to significantly affect the microbial 237 community associated with oak fine roots and nutrition uptake. 238Studies on the impact of drought on European oaks depending on the type of soil were conducted 239 by Hu et al in 2015 who observed a varied response of seedlings of three Central European oak species 240 (ie Q. robur, Q. petraea, Q. pubescens) for drought depending on the length of its duration and type of soil 241 (in example acidic and calcareous). In response to droughts, they found an increase of the potassium 242 content and N-soluble N-protein concentration at the expense of structures of N compounds in the 243 leaves of all three oak species, but the intensity of the stress reaction varied depending on the species 244 and soil. Q. robur was the most sensitive to drought stress among the species studied. In all oaks, 245 worse reactions were observed in the acidic soil for drought in comparison to the calcareous 246Hu et al. (2015) [73] indicated that reaction intensity of foliar N metabolism to the 247 drought-rewetting course was also highly dependent on soil substrate. They also observed that 248 short drought event was not intense enough to induce significant changes, but the repeated drought 249 event applied significantly induced the formation of more Nsoluble protein and amino acids. 250The dependence between the soil type and the intensity of the Central European oak response 251 to drought stress was also confirmed by study Madeleine S. Günthardt-Goerget al, 2012 [74] . On 252 the other hand, Li et al., 2012 did not notice any significant influence of drought and temperature 253 increase on N content in Q. robur and Q. petrea leaves observed in Switzerland [75] . The researchers 254 also found no influence of the provinces and soil types. Based on the results they obtained, they found 255 that both Quercus species tested are less sensitive, because of their distribution covering a wide range 256 of geographical and clear, moderate climate change in Switzerland and moderate global warming will 257 not negatively affect N and carbon physiology of Q. robur and Q. Petraea [75] . 258Two oak divisions with almost the same trees parameters -DBS128 and DBS124 -were 259 characterized by different N concentrations before drought. The main difference between them 260 is the mixture species: pine, beech and hornbeam in DBS124 and hornbeam, lime and sycamore 261 (A. pseudoplatanus) in DBS128. Inter-specific competition during drought stress periods between A. Our results have shown that P concentrations decreased in 2015 by 0.56 g/kg (19.9-26.1% less than observations from 2014). As in the previous case, the highest P concentration was observed in the DBS128 division and in this case, the highest decrease (-0.55 g/kg) was observed. Unlike nitrogen, the highest values in 2014 were observed at a distance of <50 m from the cultivated fields in the west part of the forest. The highest P concentration increase was observed in the divisions DBS98 and DBS132.
The nitrogen to phosphorus ratio (N:P) for the three divisions DBS124, DBS134, DBS98 decreased in 2015 (compared to results from 2014), while for the DBS128 division, the N:P ratio increased. An increase in the N:P ratio due to drought stress was also observed by He and Djikstra (2014) [36] and Sardans et al., 2008 [76] . This increase occurs due to the greater reduction in amount of phosphorus leaf levels compared to nitrogen. In contrast, Herzog et al., 2014 [77] did not observe a fall in P concentrations in pine forests due to drought stress.
Nitrogen and phosphorus concentration decrease: long-term drought case
We observed an increase N and P concentrations in all of the divisions increased in 2017; 1.31(±3.53) g/kg for N and 0.35(±0.54) g/kg for P. Yet this was not homogeneous for all forests divisions. According to the nutrient concentrations in 2017, the forests divisions were grouped into two main class:
1. DBS124 and DBS128, characterized by highest N concentrations (>23.5 g/kg), lower P concentrations (< 1.80 g/kg) and an N:P index close to 15.0. 2. DBS98 and DBS134 characterized by N concentrations < 23.0 g/kg, P concentrations >1.85 g/kg and an N:P index below 13.5.
It should be noted that the long-term drought stress impact on N concentrations was the lowest in the DBS124 division (average of -4.55 g/kg in 2017 according to basic 2014 value) and the N concentration increase between 2015 and 2017 was the highest (average of +1.91 g/kg). An interesting case is the DBS128 division, which was the most sensitive in terms of short-term drought stress, yet N concentrations between 2015 and 2017 also increased also significantly in this division (average of +1.56 g/kg). We can see that these two similar divisions reacted differently to shortterm drought stress, yet similar observations were made for long-term drought stress. We can see in Figure 3 that in 2017, there were many trees with an optimal N concentration (over 25 g/kg) on the eastern parts of the two divisions, where drainage ditches are present. It is not possible to observe the dichotomy in the central divisions of the forest, as the area with the drainage ditch is in this division (DBS98) is overgrown with pine trees, not oaks. Our results may confirm the role of forest drainage for nitrogen and water availability [78, 79] . In addition, phosphorus concentration changes are not homogenous. We may observe the longterm drought stress impact on P concentrations in DBS98, DBS124 and DBS134 as between an average of -0.16 and -0.09 g/kg. A different situation is observed in DBS128, as with the short-term drought stress case, P concentration negative change is stronger : an average of -0.36 g/kg. This value is more in line with the short-term drought stress case. As with the nitrogen concentration, we may observe a dichotomy in the DBS124 and DBS128 divisions, but a particularly large number of trees with insufficient P concentrations (an average of 5.9% of all trees in the division) was present in the DBS128 division along the drainage ditch (see: Figure 4 ).
In general, phosphorus concentrations increased between 2015 and 2017. Our results are consistent with the observations of He & Dijkstra, i.e. the long-term drought stress impact on P concentrations (given as -1% by He & Dijkstra and -9.9% in our study) is smaller than the short-term impact (-18% in He & Dijkstra, -26.6% in our study). Analyzing high spatial resolution aerial pictures is important for the selection of the sets of single trees with varying P and N concentrations due to additional factors, such as the occurrence of nutrients, competing species, soil type or drainage ditches. Using laboratory N and P concentrations in leaf measurements as a learning set, multispectral 312aerial images of the whole forest stand, including trees for which measurements were 313performed and machine learning techniques, it is possible to estimate nutrient concentrations for 314significantly more trees regarding to 54 trees described in Training Set and observe phenomena 315for which spatial variability is an important factor. 3162. During drought stress, N concentrations decreased by 23% in short-term drought stress and 317by 19% in long-term drought stress. Gleysoil negatively influenced N concentrations during 318drought by shifting the reduced chemical environment to an oxidized state, with the occurrence 319of inter-species competition or was affected by the mycorrhizal community associated with the 320fine roots of trees. 3213. During drought stress, P concentrations decreased by 27% in short-term drought stress and by 32210% in long-term drought stress. Our results were consistent with the He & Dijkstra meta323analysis.
3244. The N:P value increased during short-term drought and decreased during long-term drought, 325in line with the results of He & Dijkstra, however with more stable N:P values (+ 3% and -7% 326respectively).
